Approximate probabilities of formation of various atoms and ions in different bound states are determined for the exothermic nuclear (n, 6 Li; t, 4 He)-reaction of atomic lithium-6 with slow neutrons. In our calculations of the final state probabilities we have assumed that the incident lithium atom is in its ground (doublet) atomic 2 S(L = 0)−state. It is straightforward to generalize our analysis to other bound states of the three
On the other hand, by using compressions which are provided by a standard 'primary' nuclear charge one can create extremely compact thermonuclear explosive devices based on the 6 LiD deuteride. The idea to use the pure 6 LiD deuteride in thermonuclear explosive devices was originally proposed by V.L. Ginzburg in 1948-1949 (see discussion and references in [3] ).
Our goal in this study is to make accurate numerical predictions of the final state probabilities for the reaction, Eq.(1), with slow neutrons. We want to predict (accurately) the probabilities of formation of various atoms and ions in different (ground and excited) final states. Briefly, we want to determine the probabilities to detect the He and 3 H atoms and He + , 3 H − ions in their bound states. Note that all newly created atomic fragments from reaction, Eq.(1), move rapidly even in the case of slow neutrons and that accurate theoretical prediction of the final state probabilities for rapidly moving atomic fragments is not trivial.
On the other hand, the results of our evaluations and methods created for such evaluations are of great interest in many applications related with the nuclear reaction, Eq. (1), and another similar reaction of 10 B nuclei with slow neutrons, namely 10 B + n = 7 Li + 4 He + 2.791 MeV
The reaction, Eq.(2), is extensively used in the boron neutron capture therapy (BNCT, for short), or boron neutron-capture synovectomy [6] - [10] , to treat different forms of cancer, including brain cancer. The fast α−particle produced in the reaction, Eq.(2), kills (or at least 'badly damages') one cancer cell before it finally stops. The modern applications of this reaction to cancer treatment are based on the use of molecules which contain a large number of 10 B-atoms, e.g., the Na 3 [B 20 H 17 NH 2 CH 2 CH 2 NH 2 ] molecule, other similar molecules, and molecular clusters [8] , [9] (see also [10] and references therein). In this case the overall energy release from the reaction, Eq.(2), in one cancer cell can be extremely large. Correspondingly, the local temperature in the whole cell suddenly increases to very large values and this kills the incident cancer cell with almost 100 % probability.
Note that the tritium nucleus does not form in the nuclear reaction Eq.(2) which means that it is safe to initiate this reaction inside of a human body. By studying the nuclear reaction, Eq.(1), in few-electron atoms and ions we want to develop a number of reliable theoretical methods and numerical procedures which can be later used in applications to the analogous reaction, Eq.(2).
In our earlier paper [5] we have calculated the final state probabilities to form one-electron atomic species in those cases when exothermic nuclear (n; t)− and (n; α)−reactions occur in one electron atoms and ions. In this study we deal with the actual three-electron wave function of the Li atom and two-electron wave function of the He atom. For our purposes in this study it is important to construct accurate variational wave function(s) of the ground (doublet) 2 S(L = 0)−state of the Li atom which is written in the following general form (see, e.g., [11] , [12] )
where ψ L=0 (A; {r ij }) and φ L=0 (B; {r ij }) are the two independent radial parts (= spatial parts) of the total wave function. Everywhere below in this study, we shall assume that all mentioned wave functions have unit norm. The notations α and β in Eq.(3) are the one-electron spin-up and spin-down functions, respectively (see, e.g., [13] In our earlier work [14] we have introduced an advanced set of radial basis functions for bound state computations of three-electron atomic systems. Such a set is called the semi-exponential basis set and it is written in the form
where α k , β k , γ k (k = 1, 2, . . . , N) are the varied non-linear parameters. The use of a large number of non-linear parameters in Eq.(4) allows one to construct compact and very accurate variational wave functions for different three-electron atoms and ions. It was shown in [11] that the semi-exponential basis, Eq.(4), has a large number of other advantages in accurate numerical computations.
In the sudden approximation [15] , [16] where Ψ Li is the wave function of the Li atom, while Ψ He is the wave function of the final (bound) state of the He atom. The velocity V α is the final velocity of the α−particle after reaction, Eq.(1). In reality, we need to determine the correspponding probabilities
This allows one to reduce the problem (see below) to numerical computation of the one-and two-electron density matrix.
For the tritium atom product in one of its bound states the probability amplitude M if is written in a slightly different form 
where Ψ H (r 14 ) is the unit-norm wave function of the tritium (or hydrogen) atom and V t is its velocity after the reaction, Eq.(1). In our earlier study [17] we have calculated integrals similar to the integrals in Eq. (5) and Eq.(6) for the two-electron atomic systems which are involved in the analogous nuclear reaction of the 3 He nuclei with slow neutrons. The integral, Eq. (5), can be considered as a partial Fourier transformation of the overlap of the incident and final wave functions. This integral represents the Galilean transformation between the incident system (which was at rest) and the final system which is rapidly moving with constant speed.
In general, numerical calculations of integrals Eqs. (5) and (6) 
where C k are the linear (or variational) coefficients, while m 1 (k), m 2 (k) and m 3 (k) are the three integer (non-negative) parameters, which are, in fact, the powers of the three electronnucleus coordinates r i4 = r i (i = 1, 2, 3). Below, we shall assume that the trial wave function Eq. (7) has a unit norm. Furthermore, in all calculations performed for this study only one spin function χ 1 = αβα−βαα is used. It is clear that the wave function Eq. (7) contains only electron-nuclear coordinates and does not include any of the electron-electron coordinates.
The real (and non-negative) parameters α k , β k , γ k are the 3N s varied parameters of the variational expansion, Eq. (7). The wave function, Eq. (7), must be properly symmetrized upon all three electron coordinates. This problem is discussed in the next Subsection.
The principal question for the wave function, Eq. (7), is related to its overall accuracy. If (and only if) such accuracy is relatively high, then such a wave function, Eq. (7), can be used in actual computations of the probability amplitudes, Eqs. (5) and (6) . In actual applications the approximate wave function, Eqs. (5) and (6), can be constructed from the highly accurate wave functions already known from earlier works (see, e.g., [11] and references therein).
Briefly, we can take our wave function of the ground 2 S−state of the Li atom from [11] and remove all those terms which contain electron-electron r ij coordinates. Then the non-linear parameters in the trial wave function, Eq. (7), must be re-optimized. The actual many-electron wave function in an atomic system must be completely antisymmetric with respect to all electron variables, i.e. upon all electron spatial and spin variables. This statement is true for all exact and approximate few-electron wave functions, including the optimized free-electron wave functions, Eq. (7). Antisymmetrization of the two-electron wave function is trivial and is not discussed here. For a three-electron atomic wave function this requirement is written in the formÂ 123 Ψ(1, 2,
where Ψ is given by Eq. (3) andÂ e is the three-particle (= electron) antisymmetrizer A e =ê −P 12 −P 13 −P 23 +P 123 +P 132 . Hereê is the identity permutation, whileP ij is the permutation of the i-th and j-th particles. Analogously, the operatorP ijk is the permutation of the i-th, j-th and k-th particles. In actual computations antisymmetrization of the total wave function is reduced to the proper antisymmetrization of corresponding matrix elements (for more detail, see, e.g., [14] ). Each of these matrix elements is written in the form Ψ |Ô | Ψ , whereÔ is an arbitrary spin-independent quantum operator which is symmetric upon all interparticle permutations. The wave function Ψ, Eq.(3), contains the two different radial parts ψ and φ. By performing the integration over all spin coordinates one finds the four following spatial projectors P ψψ , P ψφ = P φψ and P φφ P ψψ = 1 2 √ 3 2ê + 2P 12 −P 13 −P 23 −P 123 −P 132 (8)
P φψ = 1 2 P 13 −P 23 +P 123 −P 132 (10)
Here the indexes ψ and φ correspond to the notations used in Eq.(3) to designate the two spatial parts of the total wave function. For an arbitrary symmetric spin-independent operatorÔ each of these four projectors produces matrix elements Ψ |Ô | Ψ of the correct permutation symmetry (for doublet states) between all three electrons.
C. Bound state wave functions of the final atomic fragments
The final atomic states arising in the exothermic nuclear (n, 6 Li; t, 4 He)-reaction of atomic lithium-6 with slow neutrons contain either one, or two, or zero bound electrons. In this study our main interest is restricted to one-and two-electron atoms and ions. The explicit form of one-electron atomic wave functions takes the form (see, e.g., [18] ) Φ nℓm (r, Θ, φ)α = R nℓ (Q, r)Y ℓm (Θ, φ)α, where α is the spin-up wave function, Y ℓm (Θ, φ) = Y ℓm (n) is a spherical harmonic and R nℓ (Q, r) is the radial function. The radial function is written in the form
where Q is the nuclear charge, while n and ℓ are the quantum numbers of this bound state.
Note that the radial function, Eq. (12), has a unit norm for an arbitrary Q. . On the other hand, we need to note that the best-to-date one-term radial wave function for the ∞ He atom (see, e.g., [5] ) corresponds to substantially better numerical accuracy, since it provides the total energy E = -2.899 534 375 443 69 a.u. which is very close to the exact answer (see, e.g., [19] ). The corresponding non-linear parameters can be found in [5] . But, in contrast with the wave function, Eq.(13), the wave function from [5] explicitly depends upon the electron-electron coordinate r 21 .
III. CALCULATIONS
By using the free-electron wave function of the Li atom obtained above we can estimate the probabilities to form various atomic species during the nuclear reaction, Eq.(1). The structure of the trial wave function, Eq. (7), enables one to perform accurate computations of all integrals which include one, two and even three Galilean exponents for electrons. In reality all such integrals are reduced to the products of one-dimensional integrals. In other words, in our approach all electron coordinates are separated and this simplifies drastically the following analytical and numerical computations of all required integrals.
To determine the matrix element of the operator exp(ıV · r) (Galilean exponent) between the wave functions of the initial and final bound states, we apply the Rayleigh expansion of a plane wave (with the use of spherical harmonic addition theorem [18] , [20] ). An alternative approach is based on direct calculations of the integrals containing the exp(−Ar + ıV · r)
factor. The explicit formula takes the form (see, e.g., [18] , [20] , [21] )
where Y ℓm (n) are the spherical harmonics, V is the velocity of the final atomic fragment and n y = y y is the unit norm vector which corresponds to an arbitrary non-zero vector y.
Also in this equation the spherical Bessel functions j ℓ (V r) are defined by the relation (see, e.g., [22] , [23] )
where J ℓ+ Actual computations of matrix elements with the 'factorized' trial wave functions, Eq. (7) are performed with the use of the following formula
where the notation 2 F 1 (a, b; c; x) stands for the hypergeometric function. In many actual cases these hypergeometric functions are related to the elementary/rational functions, since, e.g., 2 F 1 (a, b; b; x) = (1 − x) −a . Note also that all calculations for this study have been performed with the use of one-and two-electron density matrices [24] , [25] constructed for the incident atomic systems. The one-electron density matrix for three-electron Li atom is defined as follows
The probability to find the final one-electron atom/ion in the bound state with the wave function φ a (x 3 ) is now written as the following double integral
where x i = (r i , s i ) and y i = (r ′ i , s ′ i ) are the spin-spatial coordinates of the i-th electron. It is assumed in Eq. (18) that the bound state wave function φ a is real. If the one-electron density matrix ρ(x 3 , y 3 ) can be represented in a factorized form, e.g., in the form
then the formula for the final state probability is reduced to the form
where M i→f is the probability amplitude. To compute this probability amplitude one needs to use only one-dimensional integrals. It follows from the definition of the one-electron density matrix that
In actual calculations this condition is an important test of the constructed density matrix.
Other tests were based on computation of different bound state properties of the Li atom with the use of one-electron density matrix. The two-electron density matrix is defined absolutely analogously and we do not want to discuss it here. The two-electron density matrix for the Li atom is needed in those cases when the goal is to evaluate the probability of formation of the He atom in different bound states.
The results of our computations of the final state probabilities for one-electron atomic species formed in the reaction Eq.(1) can be found in Table II Table II ). For the neutral 4 He atom we have evaluated the final state probability only for its ground 1 1 S−state (see Eq. (13)). We have found that the corresponding final state probability is ≈ 7.45719·10 −4 %, i.e. it is a relatively small value. Note that each nuclear fragment from reaction, Eq.(1), has a very large velocity. Therefore, it is very hard to observe the final atomic species with bound electrons. Based on these arguments one can predict that the main atomic products from reaction, Eq.(1), will be the tritium ion 3 H + and helium ion 4 He 2+ . The overall probability to form other atomic species is less than 1 %.
IV. CONCLUSION
We have considered the nuclear reaction, Eq. functions which include all electron-electron (or correlated) coordinates. The method used in our procedure is based on the use of one-and two-electron density matrices constructed for the ground state of the three-electron Li atom (for more detail, see e.g., [25] ).
Our procedure can now be used for the more complicated nuclear reaction Eq. (2) semi-exponential radial basis functions, Eq.(7). This wave function produces the total energy E = -7.44859276608 a.u. for the ground 2 S−state of the ∞ Li atom. Only one electron spin-function χ 1 = αβα − βαα was used in these calculations. 
